Introduction
The use of amphibians has provided many insights into regulatory events controlling the formation of the body axis, genetic versus environmental control of cell fate, and development of the CNS (reviewed in Kessler and Melton, 1994) . Our understanding of these events would be greatly facilitated by the ability to manipulate specific protein constituents of amphibian cells, to identify the cells with altered protein content, and to observe the effects of such alterations in vivo. In other systems, such manipulations have typically been accomplished through genetics and, more recently, through either direct injection of genetic material or the use of viral vectors to introduce genes of interest. Use of genetics is not practical for amphibia with long generation times or that are difficult to breed through severalgenerations under laboratory conditions. Viral infection in amphibia is chiefly limited by the paucity of available viruses known to infect amphibian cells, particularly neurons. Lipofection has been used successfully to introduce DNA into Xenopus laevis cells (Holt et al., 1990) ; however, this method results in a relatively low number of tranfected cells. Recently, Kroll and Gerhart (1994) have shown that nuclear transplants can be used to generate transgenic Xenopus, but at present expression of ectopic proteins is rare in animals raised past neurula stages.
We demonstrate here that vaccinia virus can be used to introduce genes of interest into the amphibian CNS with Neurotechnique high efficiency both in vivo and in vitro. We also report that vaccinia carrying the gene for Green Fluorescent Protein (GFP; Chalfie et al., 1994) can be used to label neurons with a nontoxic fluorescent probe for subsequent observation in vivo. It is also possible to infect cells with vaccinia carrying the gene for GFP plus a second gene, so that infected neurons can be identified and observed in living or fixed tissue.
Results
CNS cells were infected with a vaccinia virus carrying the gene for 13-galactosidase (l~-gal) behind a strong synthetic promoter (a gift of Bernard Moss). Approximately 100-150 nl of viral solution (6 x 107 pfu/ml) colored with 0.01% fast green was injected into the tectal ventricle of stage 40-48 tadpoles (Nieuwkoop and Faber, 1956) . The viral solution spread throughout the brain ventricles (Figure la) . Staining the brain with X-Gal in whole mount 2-3 days later (Figure l b) consistently showed intense reaction throughout the brain. Thick (50 I~m) horizontal cryostat sections (e.g., through the optictectum; Figure lc) showed intense staining throughout the cell body layers, whereas thinner (10 ~m) horizontal sections showed that the majority of cells express ~-gal (Figure ld ; ventricle to the right, neuropil to the left). Labeled cell types included ventricular layer cells, neurons, and gila. Infected neurons exhibited normal morphologies. Label on the neuropil and on the pial surface of the optic tectum was confined to processes extending from tectal cells and gila, as can be seen more easily when fewer cells are infected (see below).
We saw no X-Gal staining in the optic nerve or in the cell bodies of the retinal ganglion cells over the 3-4 day time course of our experiments ( Figure le; Figure 2 ). The retina shown in Figure le is from an animal showing intense infection in the CNS, comparable to that seen in the brains in Figure 1 . This example is representative of all the animals that received ventricular injections. Therefore, vaccinia can be used to infect distinct pre-and postsynaptic populations of neurons when the populations of neurons are physically separated.
We examined the time course of expression of I~-gal. Animals (stage 46) were injected with 6 x 107 pfu/ml virus and maintained at 23°C-25°C. Animals were fixed and processed for 13-gal histochem istry immediately after injection and at different times thereafter. The uninjected tissue exhibited no endogenous 13-gal activity and was comparable to the 24 hr timepoint shown in Figure 2 . X-Gal reaction product was first detected 36-40 hr after injection. The intensity of staining seen at 36 hr was comparable to that seen at 4 days ( Figure 2) . Only a few cells continue to express 13-gal for longer than 6 days after infection. We have seen X-Gal staining in scattered cells as long as 12 days after infection with high titer of virus. Rearing the animals at 16°C delayed the expression of I~-gal so that staining was first seen 4 days after injection.
Distinct populations of neurons can also be infected by injecting the virus locally into tissue. Figure 3a shows a whole-mount brain in which virus was injected into the lateral optic tectum 3 days prior to fixation and staining. X-Gal staining was confined to the injection site. As another example, Figure 3b shows a cryostat section through the optic tectum of an animal that received bilateral focal tectal injections of virus. Again, X-Gal staining was confined to two distinct tectal regions.
Smaller populations of cells can be infected by injecting either a lower volume of viral solution or a lower viral titer into the ventricle (Figure 4) . Two examples of whole-mount brains (Figure 4a ) are from animals that were injected with half the volume injected into the animals shown above. Individual neurons were infected as seen in cryostat sections through the tectum (Figure 4b ) or hindbrain ( Figures  4c and 4e) . Figures 4d and 4f are drawings of the infected neurons seen ir~ partial focus in the photographs of the thick cryostat sections. Injections of virus into the optic tectum of Rana pipiens tadpoles also resulted in clusters of neurons stained for X-Gal.
We have made a recombinant virus carrying the gene for GFP and used either low titer or local injections to label small populations of cells in the CNS, so that they can be observed in vivo ( Figure 5 ). GFP was expressed over the same time course as 13-gal. Figure 5a shows a low magnification image of GFP-expressing cells in the optic tectum of a stage 48 tadpole that was infected 3 days earlier at stage 46. Two clusters of cells (labeled b and c) are shown at higher magnification in Figures 5b and 5c . In each case, three to four cell bodies were intensely labeled. The cells extended fine caliber processes tipped with large growth cones into the tectal neuropil. Local injections of GFPvirus into the optic tectum labeled discrete clusters of cells with neuronal morphology (Figure 5d) .
We tested for possible toxic effects of viral infection. Cells in the optic tectum of stage 48 animals were stained with propidium iodide and counted by the dissector method (Coggeshall, 1992) 3 days after infection with vaccinia carrying the ~-gal gene. The virus was injected at stage 47, and the animals were maintained for 3 days at 25°C. In uninfected control animals, the optic tectum contained 24870 _+ 1612 cells at a density of 35 cells per 2500 i~m 2 (3 an imals). The optic tectu m of infected animals contained 22965 _ 552 cells at a density comparable to controls (3 animals). The average cell diameter (in the fixed tissue) was 10 I~m in both cases. These data indicate that infection with vaccinia carrying the 13-gal gene does not decrease cell number or cell density in the brain.
Optimal expression of 13-gal in dissociated Rana pipiens tectal cells was obtained when cultures were infected at 1 day in vitro with 6 x 107 pfu/ml virus and fixed 2-3 days later. Under these conditions, approximately 65% of the cells, including those with neuronal and nonneuronal mor- phologies, expressed J3-gal (data not shown). X-Gal staining was seen in cell processes and growth cones. No ~-gal expression was seen in cultures infected Within the first day in vitro, possibly because a receptor for the virus was destroyed during the dissociation procedure. Infected cultures appear comparable to control cultures with respect to cell density and extent of process outgrowth.
Discussion
Vaccinia virus provides a versatile means of altering specific protein constituents in the amphibia, Xenopus and Rana. Infections at high titer result in high levels of expression of ectopic protein in the majority of cells within the CNS, whereas infection with lower titer results in transfected cells distributed throughout the otherwise normal nervous system. Such sparse infection permits one to examine the development of transfected neurons within the context of their normal cellular environment. In addition, localized injection of virus permits one to test the role of specific proteins in identified neuronal populations (Pettit et al., 1994) . Up to 25 kb of foreign DNA can be inserted into the viral genome (Moss, 1991) . A variety of promoters, including the synthetic strong promoter used here, and inducible promoters can be combined in the same recombinant virus to provide differential control over the relative timing arid amounts of synthesis of different ectopic proteins.
Animals infected with vaccinia develop normally. We find no signs of cell lysis over the course of 4 days when we typically see intense infection. This may be due to rearing the animals at room temperature, rather than higher temperatures that are optimal for synthesis of viral proteins. Vaccinia is not a lytic virus, and the cellular basis for its reported toxicity in mammalian tissue is not clear (Moss, 1991) . Consistent with transient infection, only a few cells express foreign protein for longer than 6 days after injection of high titers of virus into the ventricle. The decrease in expression of foreign protein over this period is not due to death of infected cells, because those cells that still stain for 13-gal after 6 days are surrounded by healthy looking neurons. When virus is injected into the brain ventricle, cells outside the brain do not express ectopic protein. In particular, the retina, whose axons terminate in the superficial neuropil of the optic tectum, is devoid of ~-gal activity and of GFP. Although the retinal axons may be infected with virus, they do not have the polyribosomes necessary for protein synthesis (Steward, 1983; Yen et al., 1993) . Furthermore, we have seen no X-Gal staining in the retinas of any of the animals we have infected, indicating that a significant number of viral particles are not transported back to the retina, where protein synthesis could occur. Therefore, this method provides a means of altering protein components of the tectal neurons without directly changing the same proteins in the presynaptic neurons in the retina. Such manipulations of distinct populations of neurons within the CNS can also be accomplished by focal injection of virus.
Experimental Procedures

Vaccinia Virus
The virus and the pSC65 shuttle vector containing the gene for ~-gal driven by a strong synthetic early/late promoter was a gift from Bernard Moss. The virus was grown and purified as described (Mackett et al., 1985) . The purified virus was further treated to destroy any J~-gal in the viral medium by incubating 30 min at 30°C in trypsin (0.25 mg/ ml final concentration) followed by two rinses in 10 mM Tris buffer (pH 9.0).
Preparation of Recombinant GFP Virus
The TU61 plasmid (a gift from Martin Chalfie) containing GFP was restriction digested with Spel and blunt-end modified with Klenow polymerase. Subsequent digestion with Sail was performed to release the GFP cDNA from the TU61 plasmid. This modified fragment containing GFP was isolated and cloned into the Sail and Smal sites of the vaccinia shuttle vector pSC65 (a gift of Bernard Moss). The resulting plasmid, pSCGFP, was used to transfect RK13 cells that were also infected with wild-type vaccinia virus. Recombinant virus was then selected by plaque assay and purified as described previously (Mackett et al., 1985) .
Viral Injection
Albino Xenopus laevis tadpoles, obtained by human chorionic gonadotropin-induced matings, were staged according to Nieuwkoop and Faber (1956) . Animals were anesthetized in 0.02% MS222 (3-aminobenzoic acid; Sigma) in Steinberg's solution. Viral solution was injected into the tectal ventricle from a thin-walled glass capillary pipette with a Picospritzer (General Valve). The pipettes were hand-calibrated for the volume injected.
Histochemistry
Intact animals or dissected brains were stained for I~-gal with X-Gal (Molecular Probes). Tissue was fixed in 2o/0 paraformaldehyde, 0.2% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for 1 hr at 4°C, rinsed, and incubated with X-Gal (1 mg/ml X-Gal, 3 mM K4Fe(CN)6, 3 mM K3Fe(CN)6, 1.3 mM MgCl2, 10 mM sodium phosphate [pH 7.4]) either for 3-4 hr at 34°C or overnight at room temperature. After rinsing out the X-Gal, animals were either photographed immediately or stored in fix at 4°C. Cryostat sections were either cut from stained whole mounts or incubated on the slides in X-Gal for 2 hr at 34°C, rinsed, dehydrated, and cleared in xylenes.
For cell counts, serial 30 pm cryostat sections were cut through uninfected control brains and those infected with I~-gal virus. Nuclei were stained with propidium iodide (2.5 ~g/ml) in PBS for 20 min at room temperature. Serial 2 ~m confocal images were taken through the cryostat sections with a Noran laser scanning confocal microscope. Nuclei were counted, and tectal area was measured with the Image 1 software from Universal Imaging. Total cell numbers were determined by the dissector method (Coggeshall, 1992) .
In Vivo Observation of GFP-Labeled Ceils
Anesthetized animals were mounted in a chamber topped with a coverslip. Labeled cells were observed with a cooled CCD camera (Photometrics) with either a Zeiss 10 x or a Zeiss 40 x water immersion lens on an Axiophot microscope equipped with a 100W Xenon light source and filters optimized for GFP (Omega Optical). Alternately, we used a Noran laser scanning confocal microscope mounted on a Nikon Optiphot with a Nikon 40x oil immersion lens.
Cell Culture Tectal cells were dissociated and plated in 24-well dishes (Steen et al., 1989) . Viral solution was added to the culture medium and replaced with fresh medium 4-24 hr later. Cells were fixed in 2% paraformaldehyde, 0.20/0 glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for 30 min at room temperature and stained with X-Gal.
